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ABSTRACT

DISSOLUTION, OCEAN ACIDIFICATION AND BIOTIC EXTINCTIONS PRIOR TO THE
CRETACEOUS/PALEOGENE (K/PG) BOUNDARY IN THE TROPICAL PACIFIC

MAY 2015

SERENA N. DAMERON, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor R. Mark Leckie

The several million years preceding the Cretaceous/Paleogene (K/Pg) boundary has
been the focus of many studies. Changes in ocean circulation and sea level, extinctions, and
major volcanic events have all been documented for this interval. Important research questions
these changes raise include the climate dynamics during the warm, but not hot, time after the
decay of the Late Cretaceous greenhouse interval and the stability of ecosystems prior to the
mass extinctions at the end-Cretaceous.
I document several biotic perturbations as well as changes in ocean circulation during the
Maastrichtian stage of the latest Cretaceous that question whether the biosphere was being
preconditioned for the end-Cretaceous extinction. The first event at Shatsky Rise in the tropical
North Pacific was the brief acme of inoceramid clams at ~71 Ma, followed by their abrupt
extinction during the “mid-Maastrichtian event” at 70.1 Ma. The second is an intriguing dissolution
event that began ~67.8 Ma at Ocean Drilling Program Site 1209 (2387 m). The dissolution event
is marked by very poor planktic foraminiferal preservation and sharply reduced calcareous
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plankton diversity. The shift into the dissolution interval was initially gradual, then rapid. Within the
late Maastrichtian dissolution interval, the planktic/benthic (P/B) ratio is low, planktic foraminifera
are highly fragmented, larger taxa are mostly absent, small taxa are relatively abundant, and
planktic foraminifera and nannofossil species richness are low. The event is followed by an abrupt
recovery in carbonate preservation ~300 kyr prior to the K/Pg boundary. Was the dissolution
event caused by a change in deep water circulation, migration of the site out of the high
productivity tropical belt, or ocean acidification associated with Deccan Traps volcanism? Our
data show that changing deep water masses, coupled with reduced productivity and associated
decrease in pelagic carbonate flux was responsible for the dissolution interval, while Deccan
Traps volcanism may have caused surface ocean acidification ~200-kyr prior to the K/Pg mass
extinction event.
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CHAPTER 1
THE LATE CRETACEOUS CLIMATE AND BIOTIC EVENTS

1.1 Introduction
While there have been many studies of Late Cretaceous biotic changes, few previously
published findings support the observations from the Maastrichtian of Shatsky Rise. Shatsky Rise
is an open ocean, deep-water Pacific site that was located in the tropics during the latest
Cretaceous, just beyond the belt of equatorial divergence as evidenced by the loss of chert layers
above the Campanian (Figure 2). The biotic record recovered at Shatsky Rise (ODP Sites 1209,
1210, and 1211) is unusual when compared with most other sites beyond the paleo-tropical
Pacific because of: 1) sudden, short-lived acme of inoceramid clams at the two shallowest sites,
Sites 1209 and 1210 (Bralower et al., 2002; Frank et al., 2005; Dameron, this study), and 2)
dissolution of planktic foraminifera in the uppermost Maastrichtian paralleled by a sharp decline in
planktic foraminiferal and calcareous nannofossil diversity (Lees and Bown, 2006; Clark, 2012;
Dameron, this study). Caron (1975) first recognized the intense dissolution in the uppermost
Maastrichtian of DSDP Site 305 on Shatsky Rise, including a recovery in diversity and
improvement in foraminiferal preservation just below the K/Pg boundary.
The main focus of this study is a short-lived interval of inoceramid clam abundance in the
mid-Maastrichtian and the dissolution interval above it at ODP Site 1209, the shallowest site on
the Southern High of Shatsky Rise, in which a high-resolution record of benthic and planktic
foraminiferal assemblages, isotopic analyses, planktic foraminiferal preservation and diversity
was obtained.
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1.2 Background
1.2.1

Foraminifera
Foraminifera are single-celled organisms that are highly useful in reconstructing ancient

depositional environments, and in understanding paleoclimatology and paleoceanography. This
information comes from the population assemblages as well as carbon and oxygen isotope
analyses that are performed on the calcium carbonate that make up the test or shell of the
foraminifera.
There are two types of foraminifera, planktic and benthic. Planktic foraminifera are found
in the upper water column, living in the surface mixed layer and along the thermocline. Benthic
foraminifera are found on the seafloor and live primarily on or near the water-sediment interface
(epifaunal) or within the top few centimeters of the sediment (infaunal, >1 cm). Benthic
foraminiferal population counts are important as any change in abundance is a reflection of the
food supply to the seafloor and/or oxygen levels (e.g., Jorissen et al., 1995). Benthic foraminiferal
assemblages are influenced predominantly by the food supply to the seafloor and oxygenation of
bottom waters; bioturbation, competition, and predation are also factors (Jorissen et al., 1995;
Gooday, 2003; Galazzo et al., 2013).
The abundance of infaunal and epifaunal taxa are very important indicators of
paleoenvironmental conditions. Under oligotrophic conditions (low primary productivity, low food
supply), organic carbon will be consumed at the sediment interface with very little making it into
the underlying sediment. This results in a decrease of infaunal taxa. Under more eutrophic
conditions, or high organic flux, organic matter is transported deeper into the sediment via
bioturbation. Under these conditions, there is an increased consumption of oxygen, which
reduces the oxygenated sediment layer and decreases the relative abundance of epifaunal taxa
(Jorissen et al., 1995). Infaunal taxa move closer to the sediment-water interface during oxygenstressed, eutrophic periods. Morphologically, epifaunal taxa typically are trochospiral with
rounded, plano-convex or biconvex shapes with pores absent or present on one side of the test;
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infaunal taxa include rectilinear biserial and triserial forms. Infaunal taxa such as the triseriallycoiled buliminids are associated with high productivity such as from areas of upwelling, while the
trochospirally-coiled epifaunal taxa (e.g., Oridorsalis, Nuttallides, Gyroidinoides) are associated
with lower organic flux rates (Gooday, 2003).

1.2.2

Late Cretaceous
The Cretaceous Period (145.5 – 66 Ma) is well known for being a greenhouse world,

particularly during the early Late Cretaceous (Turonian stage, ~90 Ma) when southern high
latitudes experienced near-tropical sea surface temperatures and tropical sea surface
temperatures exceeded 35°C (Huber et al., 1995, 2002; Bice et al., 2003; Forster et al., 2007;
Bornemann et al., 2008). Towards the end of the Campanian and early Maastrichtian (~71-70
18

Ma), foraminiferal δ O and other proxies show that the Earth was transitioning into a cooling
phase (e.g., Barerra et al., 1997; Clarke and Jenkyns, 1999; Frank and Arthur, 1999; Miller et al.,
1999; Huber et al., 2002; Friedrich et al., 2012). Work by Barrera et al. (1997) has shown that
during this cooling phase there were several possible instances of reversals in thermohaline
18

13

circulation as evidenced by rapid fluctuations in benthic δ O and δ C from different ocean basins
and latitudes.
Several biotic perturbations took place during the early and late Maastrichtian, as well as
intense volcanism from the Deccan Traps in western India just before the K/Pg boundary (Officer
and Drake, 1985; Abramovich et al., 1998, 2010; Kucera and Malmgren, 1998; Thibault and
Gardin, 2006, 2007, 2010; Keller et al., 2008, 2012; Tantawy et al., 2009; Tobin et al., 2012;
Schoene et al., 2015). The latest Cretaceous biotic changes first started with what is known as
the “mid-Maastrichtian event” (MME; Bralower et al., 2002), a time of faunal turnover most
noticeably with the extinction of the inoceramid. These bivalve molluscs were a long ranging
group of flat clams that first appeared in the Permian (~290 Ma; Kauffman and Runnegar, 1975).
During the Cretaceous, inoceramids were common in many benthic marine communities. They
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were found globally at all latitudes and wide paleodepths (Saltzman and Barron, 1982; MacLeod
et al., 1996). During the Maastrichtian, they inexplicably went extinct worldwide. The global
extinction of the inoceramids was diachronous over a 2-3 myr time span, first at high latitudes at
~72 Ma, followed by low latitude regions ~68-69 Ma (Saltzman and Barron, 1982; MacLeod and
Orr, 1993; MacLeod, 1994; MacLeod et al., 1996; MacLeod and Huber, 1996; Crame and Luther
1997; Chauris et al., 1998; Bralower et al., 2002; Harries and Schopf, 2003; Gómez-Alday et al.,
2004; Frank et al., 2005; Friedrich and Hemleben 2007; Huber et al., 2008; Friedrich et al., 2009;
Dameron, this study).
The end-Cretaceous is well-known for the large asteroid impact on the northern Yucatán
peninsula that purportedly wiped out more than 50% of all genera, including all non-avian
dinosaurs (Alvarez et al., 1980; Raup and Sepkoski, 1987; Kerr, 1997; Schulte et al., 2010).
However, others argue that the bolide impact was not the sole cause of the end-Cretaceous mass
extinctions, suggesting that Deccan Trap volcanism was another possible explanation (Officer
and Drake, 1985; Abramovich et al., 1998, 2010; Kucera and Malmgren, 1998; Thibault and
Gardin, 2006, 2007, 2010; Keller et al., 2008, 2012; Tantawy et al., 2009; Tobin et al., 2012;
Schoene et al., 2015). Deccan volcanism was a series of voluminous basalt eruptions that
occurred in three main pulses. The first occurred at ~68.2 Ma near the chron C30r/C30n
boundary, the second pulse (main phase) starting 250-kyr before the K/Pg boundary, and the last
pulse after the boundary in the Danian (Chenet et al., 2009; Schoene et al., 2015). The latest
Maastrichtian was punctuated by a warming event ~300-500 kyr before the K/Pg boundary (Li
and Keller, 1999; Thibault and Gardin, 2007, 2010) followed by a return to cooling ~100 kyr prior
to the boundary (Abramovich et al. 2010). The latest Maastrichtian warming event coincides very
closely with the main phase of Deccan volcanism.
Planktic foraminiferal oxygen isotope records suggest that sea surface temperatures
increased by 3-4°C around the main phase of volcanism (Barrera and Savin, 1999; Li and Keller,
1999). Previous research correlated volcanism and warming with dwarfing of planktic foraminifera
(Abramovich and Keller, 2003; Keller and Abramovich, 2009; Tantawy et al., 2009; Keller et al.,
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2012), a decrease in planktic foraminiferal and calcareous nannofossil diversity (Abramovich and
Keller, 2003; Huber and Watkins, 1992; Thibault and Gardin 2007; Tantawy et al., 2009; Keller et
al., 2012), migration of tropical calcareous plankton (both planktic foraminifer and nannofossil
species) to higher latitude sites (Huber and Watkins, 1992; Abramovich and Keller, 2003;
Tantawy et al., 2009; Thibault and Gardin, 2010), and an increase in planktic disaster
opportunistic species such as Guembelitria (Keller and Abramovich, 2009; Tantawy et al., 2009;
Abramovich et al., 2010; Keller et al., 2012). The warming lasted for about 200 kyr before sea
surface temperatures decreased by 2-3°C during the last 100 kyr of the Cretaceous (Li and
Keller, 1999). During this cooling trend, planktic foraminifer and nannofossil species richness
return to higher values prior to the K/Pg boundary (Thibault and Gardin, 2007).
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CHAPTER 2
STUDY AREA: SHATSKY RISE

2.1 Geologic Settings
Shatsky Rise is a basaltic oceanic plateau, one of the oldest large igneous provinces (LIP) in
the Pacific Ocean, having an area roughly the size of California (Nakanishi et al., 1999; Mahoney
et al., 2005). LIPs are similar to continental flood basalts (e.g., Deccan Traps), and are the result
of massive plumes of magma erupting at the seafloor (Sager et al., 1999, 2011).
Shatsky Rise formed ~147-135 Ma in the equatorial Pacific, gradually moving more
northwestward to its present day position about 1600 km east of Japan at ~32°N. It’s an
elongated plateau that towers 2.5-3.5 km above the flat abyssal plains (5500-6000 m deep). It
trends southwest-northeast and is composed of three massifs: TAMU (Southern High), ORI
(Central High), and Shirshov (Northern High) (Figure 1).
Shatksy Rise has been subjected to three Deep Sea Drilling Project (DSDP) expeditions
(Legs 6, 32, 86), one Ocean Drilling Program (ODP) Leg 198 (Bralower et al., 2006), and one
International Ocean Drilling Program (IODP) Expedition 324 (Sager et al., 2010). Drilling during
the earlier DSDP legs failed to recover a complete Cretaceous and Paleogene record due to
spot-coring, coring gaps, drilling disturbances, and numerous chert layers in the Cretaceous.
Despite the poor recovery, Shatsky Rise showed promise to produce a high quality record of
Cretaceous and Paleogene climate, leading to ODP Leg 198. Shatsky Rise was targeted
because it lies in the open ocean away from continental derived sediments, and it is at a relatively
shallow depth where calcium carbonate sediments are situated above the carbonate
compensation depth (CCD) (Shipboard Scientific Party, 2002a).
Eight sites were drilled on Shatsky Rise during ODP 198 (Figure 1). This study focused on
sites cored on the Southern High depth transect. Samples were taken from the shallowest drilled
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Holes 1209A and 1209C (2387 m) with samples from 1209C being the primary focus of this
study. Lower resolution samples were studied from Holes 1210A and 1210B (2574 m), and from
the deepest of the transect sites, Hole 1211A (2907 m). Based on paleoceanographic
reconstructions, this part of Shatsky was at ~13-15°N during the latest Cretaceous near the
northern edge of the equatorial divergence zone (Figure 2) (Frank et al., 2005) in a water depth of
~1500-2000 m (Ito and Clift, 1998; Sager et al., 1999; Hancock et al., 2006; Acton, personal
communication, 2015).
The deepest sediment drilled at Site 1210 is from the upper Campanian, while Site 1209
terminated in the basal Maastrichtian. The upper Campanian consists of interbedded chert and
white nannofossil ooze with the ooze layers containing 96-100% calcium carbonate. The
Maastrichtian consists of very pale orange to white nannofossil ooze, composed mostly of pure
carbonate (>96 wt. %) and minor chert. There are inoceramid fragments visible in the cores in the
upper lower Maastrichtian (Bralower et al., 2002). Towards the top of the Maastrichtian, core
photos from Hole 1210B show a distinct color change to light-dark brown with variable color
changes (Figure 3) occurring thereafter just prior to the boundary. This is a consequence of
dissolution, which is touched upon in the results section and examined in more detail in the
discussion section.
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CHAPTER 3
MATERIAL AND METHODS

3.1 Sample Preparation
Samples come from the composite sections of Sites 1209 (holes A and C), 1210 (holes A and
3

B) and Hole 1211A. Each sample is about 10-cm . The primary focus of this study is Site 1209
with 1 sample per 150-cm section in the early Maastrichtian during the inoceramid interval and 39 samples per 150-cm section in the late Maastrichtian during dissolution (140 samples total). A
lower resolution study of 1 sample per 150-cm section comes from Sites 1210 (86 samples) and
1211 (8 samples). Each sample was soaked for a few days in water to help break apart the
sediment with about a teaspoon of borax added to the water to keep the water basic. Samples
were then washed over a >63-µm
m sieve and dried in an oven at ~50°C.
~50
All analyses of benthic
and planktic foraminifera were picked from the >125-µm
m size fraction.

3.2 Foraminiferal Taxa
3.2.1

Benthic Foraminiferal Population Counts
Due to the large volume of sample material, each sample was split using a microsplitter.

A minimum of 300 benthic foraminifera were picked from a picking tray from a certain number of a
splits in the >125-µm size fraction. If less than 300 benthic foraminifera were picked from a tray,
then another split was poured uniformly onto the picking tray. All benthic foraminifera were
counted on a picking tray regardless of reaching 300 specimens in order to normalize the data.
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3.2.2

Benthic Foraminiferal Accumulation Rates (BFAR)
BFAR is a paleoproductivity proxy for food supply to the seafloor as productivity in turn

affects the population abundance of benthic foraminifera. It is only a useful indicator of
productivity in well-oxygenated environments and during times of no dissolution. It measures the
number of benthic foraminifera (>125-µm)
m) per unit of area per unit of time (Gooday, 2003;
Jorissen et al., 2007).

-1

-1

-3

BFAR = (no. foraminifera g dried sediment ) · (sed. rate in cm myr ) · (dry bulk density g cm )

A qualitative calculation of BFAR is reported in this study because the dry weight of the
sample was not measured for all samples prior to washing. An average value for Upper
Cretaceous dry bulk density (ODP Leg 198 Initial Reports) was used to determine the weight of
the sample before processing; given that each sample was collected with a known volume of ~10
3

cm , a qualitative weight was calculated. Sedimentation rates from the age model were applied.
The number of benthic foraminifera in the >125-µm
m size fraction was determined from the benthic
foraminiferal population counts. If the sample was split, the total number of benthic foraminifera
was normalized to 100% of the sample.

3.2.3

Planktic-Benthic Ratio (P:B) and % Planktic Fragmentation
A planktic to benthic (P:B) ratio as well as planktic fragmentation (%) was conducted by

counting all planktic and benthic specimens, as well as planktic fragments (more than 50% of the
test was fragmented) that appeared in each quarter square on a picking tray until at least 300
specimens were counted. If the sample didn’t contain many specimens then all squares of the
picking tray were counted.
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3.2.4

Planktic Foraminiferal Population Counts

Planktic foraminifera were picked in the >125-µm
m size fraction. If there was a lot of sample
material, then the sample was split until approximately enough specimens covered the tray in
which at least 300 specimens were picked from each quarter square. For the sake of simplicity,
planktic foraminifera were separated into Globotruncanids, Globotruncanella, Hedbergella,
Rugoglobigerina, Heterohelicids, Pseudotextularia, Pseudoguembelina, P. kempensis,
Globigerinelloides, multiserial taxa, with other miscellaneous taxa being grouped into “other”.

3.3 Isotope Analyses
Foraminifera precipitate calcium carbonate tests (or shells) from the water column in which
they live. Isotopic analyses of the foraminiferal test provide significant information about their
ocean environment. Benthic foraminiferal oxygen isotope data from the tests provide information
about deep-sea temperature and/or continental ice volume, while benthic foraminiferal carbon
isotope data provide an insight into the nature of global carbon cycle perturbations and changes
18

in deep-sea circulation patterns. For example, a positive δ O excursion implies cooler
13

temperatures, higher salinity, or an increase in ice volume, while a positive δ C excursion may
indicate a younger, more proximal water mass, significant burial of organic matter (enriched in
12

C), high sea level (burial of organic matter and less erosion of old organic matter), times of high
12

productivity (burial of organic matter), or a decrease in C-enriched greenhouse gases.
Two species of benthic foraminifer, Oridorsalis umbonatus and Nuttallides truempyi, and five
planktic foraminifera, Pseudoguembelina costula, P.excolata, P. kempensis, Heterohelix
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globulosa, and Hedbergella spp. were picked for oxygen and carbon stable isotope analyses;
these taxa were picked from the >125-µm
m size fraction. The benthic foraminifera were selected
because they are commonly used in isotopic analyses in paleoceanographic research. They are
also epifaunal taxa, which means they live on the water-sediment interface, and should,
therefore, reflect the in situ water chemistry. Planktic taxa Pseudoguembelina and H. globulosa
were chosen because they are mixed layer species and will therefore reflect surface water
conditions (Abramovich and Keller, 2003). Surface dwelling taxa were chosen because we
wanted to know if the acidification of the microfossils was due to Deccan volcanism, which would
have affected the surface-dwellers the most. In samples where surface-dwelling planktic
foraminifera were not available, Hedbergella, a thermocline dwelling taxon, was chosen as the
last resort to obtain a more complete and continuous record. The planktic foraminiferal isotope
record from this study starts at 68.8 Ma. To provide context as to what was happening in surface
waters in the early Maastrichtian, planktic foraminiferal isotope data from Clark’s (2012) Masters
Thesis manuscript was plotted with data from this study.
Carbon and oxygen isotope analyses were run on a mass spectrometer at the UMass
Department of Geosciences and the University of Missouri. A weight of 20-140 µg was used for
each sample, or between 1 and 15 specimens were analyzed depending on the size and number
13

available. In samples where duplicate analyses were performed, an average value of δ C and
18

δ O was calculated. Due to the variability and high-resolution nature of this study, a 5-point
running average was calculated over the record. There were no corrections made to benthic
foraminiferal isotope results because there was very little offset between species.
Fish teeth and bone fragments were also collected in order to create a neodymium isotope
(ε Nd) record at Shatsky Rise. They were picked from the >125-µm size fraction in which a
minimum of 5 fish teeth or fragments were picked for analysis. Fish teeth and bone fragments
were dissolved in 2N HNO3. The neodymium was then isolated from this through an involved
process of separating out rare earth elements by means of RE Spec chemistry as outlined in the
analytical methods section of Thomas et al. (2014). Samples were analyzed as Nd+ at Texas
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A&M Radiogenic Isotope Geosciences Laboratory on a thermal ionization mass spectrometer
with an external precision of 0.512416. Applying the ages from the age model to Nd+, eNd(t)
values were calculated.
Neodymium is a useful tracer of deep-water masses. Neodymium primarily comes from
continental runoff and, therefore, creates a unique signature for each basin. Fish teeth and
fragments are excellent post-depositional tracers for neodymium, as they have been shown to be
highly resistant to dissolution. Through a diagenetic interaction with the phosphate mineral apatite
in teeth and bone, neodymium is only incorporated once it settles onto the sediment/water
interface; this, along with the short ~400-2000 year residence time is what makes it a good
recorder of deep-water masses (Tachikawa et al., 1999; Thomas et al., 2003; Martin and Scher,
2004). Typically, non-radiogenic, or more negative values are indicative of North Atlantic deep
waters (ε Nd ~-10 to -12), the North Pacific records more radiogenic or more positive values (ε Nd
~-2 to -6), and Indian Ocean has intermediate values (ε Nd ~-8). The more negative values are the
result of older continental crust, while more positive values are due to younger crust, such as
from volcanism (Goldstein and Hemming, 2003).

3.4 Age Model
In order to establish an age estimate for ODP sediment cores, calcareous nannofossils,
planktic foraminifera, and other microfossils provide a first approximation based on reliable first
and last occurrences of species. In addition, the natural remnant magnetization of the core is
recorded and then integrated with biostratigraphy of the core and the geomagnetic polarity
timescale to obtain ages for the sediment. Unfortunately, drilling disturbance, most likely the
result of the soft and sometimes soupy sediment, created weak magnetic intensities in the
Maastrichtian sediment, and hence magnetostratigraphy was deemed unreliable in providing age
control in this study (Shipboard Scientific Party, 2002b).
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As a result, age control for this study is primarily based on the calcareous nannofossil
biostratigraphy of Lees and Bown (2006) for ODP Sites 1209, 1210, and 1211, and from the age
control provided by the K/Pg boundary (66 Ma; Kuiper et al., 2008). Nannofossil datum ages were
calibrated to the 2012 Geologic Time Scale of Gradstein and Ogg. Sample ages were determined
using the mean first and last occurrences of nannofossil datums that appeared at Shatsky Rise
(see Tables 1-3). Core photos were studied to determine the depth at which the K/Pg event
occurred in the core. The boundary is easily recognized by a distinct sediment color change in the
core that coincides with the mass extinction of calcareous plankton (See Figure 4).
Depth corrections (mbsf) were applied to cores that experienced expansion, flow-in, drilling
gaps, and drilling disturbances. These were then converted to a revised composite depth (rmcd)
obtained from Westerhold and Röhl, 2006. Given the known age of the datums and the average
depth at which the datums appear in the core, simple linear sedimentation rates were calculated
and used to extrapolate sediment ages.
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CHAPTER 4
RESULTS

4.1 Biota
4.1.1

Inoceramids
Inoceramids were found in abundance at all three ODP Sites in this study from the upper

Campanian to the early Maastrichtian. There is a short-lived inoceramid acme event (IAE) that
occurred in the early Maastrichtian in which inoceramids re-emerge in abundance before going
extinct in what is known as the Mid-Maastrichtian Event (MME), a global extinction event. A visual
core description from Bralower et al., 2002, observed inoceramid fragments from 1209B-27H-3,
31H-1, 31H-4, and 32H-4, 1209C-21H-1 to 21H-3, 1210B-27H-5 to 28H-6, 1211A-18H-2 to 18H3, and 1211B 18H-3 to 19H-1. The age model from this study places inoceramid fragments from
1209B, 27H-3 at around 67.6 Ma well after the MME at Shatsky Rise. It has been known from
other studies that one inoceramid genus, Tenuipteria, survived the MME, but eventually went
extinct at the K/Pg boundary (D’Hondt, 1983; Ward et al., 1986; MacLeod et al., 1996; Nifuku et
al., 2009). It is presumed that any inoceramid prisms found after the MME in this study most likely
belong to that taxon.
The base of the MME in this study is marked by the abrupt abundance change of
inoceramid prisms in the samples. Inoceramid prisms are columnar calcite that make up the outer
shell of these clams and formed perpendicular to the surface. Studies have proposed that the
localized abundance of inoceramid prisms can be used as a proxy for the presence of inoceramid
bivalves (MacLeod and Ward 1990; MacLeod and Orr, 1993). Inoceramid prisms were found in
the Campanian section of Hole 1210B during a period of high sedimentation rates (18.8 m/myr;
Figure 5) from at least 76.9 Ma (the start of this study) making up 48% of the benthic community
and lasting until 74.6 Ma with 5% abundance. Inoceramid prisms were virtually absent between
74.6 Ma and the start of the MME at 70.9 Ma (Figure 6). The short-lived IAE is marked by the
abrupt re-emergence of inoceramid prisms at 70.9 Ma in Hole 1210B with 53% abundance and in

14

Hole 1209C with 34% abundance, decreasing to 6% marking the end of the MME at 70.1 Ma.
The sedimentation rate during the IAE was also high at ~15.7 m/myr (Figure 5).

4.1.2

Planktic Foraminifera

4.1.2.1 Species Richness and Planktic:Benthic Ratio (% Planktics)
Planktic foraminifera from the upper Campanian (~76 Ma) are well preserved, having low
diversity with an average of 19 species, but varied between 5 and 29 species. Nannofossil
richness was high with an average of 63 species. Coincident with a water mass change at 71.5
Ma, planktic species richness almost doubled to an average of 36 species while nannofossil
richness slightly decreased to 56 species (Figure 11). At 68.2 Ma, planktic foraminiferal
fragmentation started to increase and nannofossil diversity started on a decreasing trend. Planktic
foraminiferal preservation became increasingly poor at 67.8 Ma with increasing fragmentation,
and simple diversity sharply declined to 5 species. Planktic species richness remained as low as
4 species while nannofossil diversity was as low as 25 until a recovery in both nannofossil and
planktic foraminiferal diversity right before the boundary.
The P:B ratio (%planktics) was nearly 100% with about 350 planktic foraminifera for
every 1 benthic foraminifera in the upper Campanian through lower upper Maastrichtian (67.8 Ma;
Figure 11). The P:B ratio decreased slightly by 15% shortly after 67.8 Ma with fragmentation
increasing to 30%. The P:B ratio abruptly decreased by 65% at 66.7 Ma. The drastic decrease in
P:B in conjunction with increasing planktic fragmentation suggests a severe dissolution interval,
the cause of which will be further explored in the discussion section. Site 1211 recorded elevated
levels of fragmentation and declining P:B at least ~500-kyr earlier than Site 1209 at ~68.3 Ma.
There appear to be six pulses in the P:B ratio leading to minimal P:B values at 66.9 Ma with each
pulse lasting anywhere between 87-123 kyr and diminishing in magnitude until P:B was less than
1% at 66.9 Ma; fragmentation was as high as 98% by this time (Figure 11). Seven additional
pulses in the P:B ratio were also documented from 66.9 Ma to 66.2 Ma with P:B increasing to
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higher values with each pulse lasting ~100-kyr. Planktic fragmentation peaked about 300-kyr after
P:B reached minimum values, peaking at 66.5 Ma, and reached recovery values when the P:B
returned to high, stable values at 66.2 Ma. Anomalously, though, planktic fragmentation
increased again briefly about 100-kyr before the boundary when the P:B ratio was well
established at high values, but started to decrease right before the boundary.

4.1.2.2 Planktic Foraminiferal Abundance
The planktic foraminifera present in this study have been grouped based on the isotope
paleoecology of Abramovich et al. (2003): surface dwelling Pseudoguembelina spp., P.
kempensis, and Pseudotextularia spp; upper thermocline Rugoglobigerina spp., Heterohelix spp.,
globotruncanids spp., and Globigerinelloides spp.; and thermocline dwelling Hedbergella spp. and
Archeoglobigerina spp., and Schackoina. Early Paleocene Woodringina is present in the sample,
but is most likely due to mixing. A few specimens of Guembelitria on the >125-µm
m size fraction
have been found in uppermost samples below the K/Pg boundary (~300 kyr before the
boundary).
Deeper dwelling mixed layer planktic foraminifera are the dominant taxa during the early
Maastrichtian with about a 3% contribution from thermocline-dwelling species. The interval of
intense bottom water cooling corresponded to significant planktic foraminiferal changes.
Shallower mixed layer species first appeared at the start of cooling maintaining 20% abundance
while the deeper dwelling mixed layer species gradually decreased over the interval. The Planktic
Foraminiferal Number (PFN) decreased by 90% by the end of the intense cooling coinciding with
a decrease in the P:B ratio (Figure 13). Deeper dwelling mixed layer species decreased in a stepwise manner over the course of declining P:B values according to morphology with trochospiral
taxa first, then the biserials, followed lastly by keeled taxa (Figure 14). At the onset of declining
P:B values, the trochospiral taxa decreased by 25%, not fully recovering after this while
Globotruncanids decreased by 20%. Heterohelix, meanwhile increased by 60%. Over the course
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of declining P:B, there are several pulses in P:B during which each pulse to low values, the
Globotruncanids decrease with an increase in Heterohelix. A negative P:B pulse at 67.3 Ma
proved to be the final pulse that mixed layer species could no longer tolerate as they all declined
after this and didn’t recover until 66.7 Ma coinciding with warm waters and when P:B trended
towards higher values. Thermocline dwelling planktic foraminifera, Globotruncanella, are the main
taxa that survived during declining P:B values, although fragmented; there was about 6%
abundance of Hedbergella and Archeoglobigerina, but they disappeared 100-kyr later. There
were 289 planktic specimens at 67.3 Ma, declining to 11 at 67.2 Ma, and then only 1 planktic
specimen at 66.9 Ma.
At the start of the warm interval at 66.7 Ma, the P:B trended towards high values, and
mixed layer species became the more dominant taxa while thermocline species declined.
Although this was the P:B recovery interval, the same behavior took place with thermocline
dwelling species temporarily becoming dominant during low P:B pulses. Hedbergella and
Archeoglobigerina reappear at the start of the warming. Globotruncanella is more dominant
thermocline planktic, although it declines over the warming. The warming intensifies at 66.4 Ma at
which point Globotruncanella disappeared and Hedbergella and Archeoglobigerina increased to
68% abundance. Surface species mostly disappeared during the intense warming also while
Heterohelix responded well. The onset of cooling at 66.1 Ma coincides with all planktic groups
increasing with the exception of Heterohelix, which declines to less than 10%, which is quite
significant as it was the most dominant genus since the start of the Maastrichtian and was the
most resistant during dissolution.

4.1.3

Benthic Foraminifera

4.1.3.1 Benthic Foraminiferal Accumulation Rate (BFAR)
The benthic foraminiferal accumulation rate (BFAR) shows high abundance before the
appearance of inoceramid prisms in the late Campanian and the early Maastrichtian, with each
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time interval showing declining rates during times of inoceramid presence (Figure 9). The BFAR
increases following the MME, declining to low values at 68.3 Ma coincident with a cooling of
bottom waters. BFAR after this time is not reliable as this is during a dissolution interval and is
only reflecting the disappearance of planktic foraminifera.

4.1.3.2 Benthic Foraminiferal Abundance
Infaunal benthic foraminiferal taxa decline from about 75% abundance to an average of
25% at the start of the IAE at 71.3 Ma (Figure 15). Epifaunal taxa become the dominant group
during the IAE with 55% abundance. Agglutinated foraminifera do not fluctuate too much during
this time and make up about 25% abundance. These values remain more or less the same until
13

68.7 Ma when δ Cb reach maximum positive values.
Of the infaunal taxa, the most dominant species are the buliminids with 70% abundance
at 71.4 Ma. They are the first to decrease with a 20% decline right before the start of the IAE at
71.1 Ma. About 400-kyr later, the next dominant taxon, Aragonia, decreases from 20% to 0% and
the more rare infaunal taxa Nodosaridae, Gyroidinoides and Anomalinoides decrease as well
(Figure 10a).
Epifaunal taxa maintain high dominance in the early Maastrichtian, but most of them
suffer a significant decrease at 69.3 Ma. During the cooling of bottom waters, N. truempyi and
Eponides maintained about 20% and 15% dominance respectively, while O. umbonatus and
Conorbinoides increased from 5-25% and 8-34% over the course of the IAE while Gavelinella and
Allomorphina were present but in low abundance. At the end of the MME, O. umbonatus and
Conorbinoides abruptly disappear, N. truempyi and Eponides continue to maintain their
abundance, O. umbonatus reappears, but with a 10% abundance, Gavelinella increases to about
20%, and Stensioina makes its first appearance. About midway through the warming interval at
69.3 Ma, all of these taxa disappear while Globorotalites, Conorbinoides, and Eponides increased
(Figure 10b).
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There are few agglutinated taxa present in the early Maastrichtian. The agglutinates that
are present decrease to minimal values midway through the IAE at about 70.4 Ma. Infaunal
agglutinates are dominant in the first half of the IAE with Gaudryina increasing to 24%
dominance. When Gaudryina decreases at 70.7 Ma, epifaunal agglutinates appear briefly, most
noticeably with Reusella comprising 17% of the benthic community, and disappearing at 70.4 Ma.
Agglutinate abundance remains very low midway through the IAE. The agglutinates respond
favorably during the warming event immediately following the MME with epifaunals increasing in
the first half of the warm period and then decreasing at 69.3 Ma, with the exception of
Adercotryma, which maintains its abundance, while infaunal agglutinates re-emerge (Figure 10c).
When bottom waters cool at 68.7 Ma, infaunal taxa trended towards increased
abundance between 68.6 Ma and 66.7 Ma while the epifaunal taxa had an overall decline.
Superimposed on these trends, epifaunal and infaunal taxa alternated in their dominance during
the intense cooling of bottom waters, which took place between 68.6 Ma and 67.6 Ma.
Gyroidinoides and the buliminids as well as agglutinated Reussella are the first infaunal taxa to
increase in abundance in response to the water mass change with the buliminids increasing by
25%, Gyroidinoides increasing by 14%, and Reussella increasing by 25%. Aragonia does not
respond initially, but increases by 33% at 68.4 Ma. Between 68.2 Ma and 68 Ma, there is a pulse
of epifaunal taxa dominating the benthic community. Gaudryina, an agglutinated epifaunal
benthic, increases in the first half to 33%. In the second half, Gaudryina is no longer present and
N. truempyi, O. umbonatus, Stensioina, and Gavelinella increase to 40%, 15%, 20%, and 10%
respectively. The subsequent 100-kyr are dominated by infaunal taxa, primarily with 40%
abundance of Gyroidinoides in the first half followed by a 50% increase in Aragonia; the
buliminids don’t recover after the epifaunal pulse and maintain 10% abundance throughout the
remainder of increased bottom water cooling. The second main pulse in epifaunal dominance
occurred between 67.9 Ma and 67.7 Ma with Gaudryina, N. truempyi, O. umbonauta, Eponides,
Gavelinella, Stensioina, and to a small extent Globorotalites. After this pulse of epifaunal
dominance, there is 50% increase in Gyroidinoides, 20% increase in Ruessella and 10% increase
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in Spiroplectammina. Similar to the buliminids, Aragonia does not recover after the next epifaunal
pulse having less than 10% abundance.
There is a distinct decline in all epifaunal taxa coincident with cool bottom waters. Despite
this, there were two pulses of epifaunal dominance each lasting about 200 kyr at 68.2 Ma and
67.9 Ma. At the onset of declining P:B values, N. truempyi, O. umbonatus, Gavelinella, and
Stensioina decrease significantly and/or are absent during this interval. Allomorphina,
Cibicidoides, Quadrimorphina and Alabamina appear during this interval and are assumed to be
opportunistic as all but Alabamina disappear when bottom waters warm and P:B trends to higher
values. Other epifaunal taxa that appeared briefly during intense dissolution occurred when there
were positive shifts in the P:B ratio to higher values. The most notable infaunal taxa that were
present during intense dissolution were Bolivina, which was not present prior to this, Aragonia,
and the buliminids, which were the most abundant. The buliminids increased quite drastically
from 16% to 70% at about 67.1 Ma along with Aragonia, which increased by 10%. When there is
a shift to a new water mass of warm bottom waters, the relative abundances of the infaunal taxa
decreased with the exception of agglutinated infaunal Spiroplectammina that reappeared during
the warm interval. Infaunal taxa again became abundant during times of low P:B values. This is
most apparent with the buliminids. Uvigerina appeared for the first time with about 10%
abundance during the warm interval at 66.6 Ma, but disappeared at 66.4 Ma during one of the
P:B recovery intervals.
The main phase of Deccan Traps volcanism occurred at 66.25 Ma at which time buliminids,
Gyroidinoides, O. umbonatus, and Alabamina abruptly reached peak abundance while Aragonia,
Dorothia, N. truempyi, and Eponides decreased. Cooling occurred at 66.1 Ma, at which time
mostly infaunal taxa increased.
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4.1.4

Other Biota

At the start of the IAE, fish teeth and fragments, ostracodes, and echinoderm spines begin to
increase in abundance, with each increasing to about 10-15% with respect to benthic foraminifera
during the MME. Following the MME, they all decrease by about 5% and remain around that
value throughout the warming interval (Figure 16).
Ostracodes and echinoderms are calcareous organisms that live in the same environment as
benthic foraminifera. They do not make up a significant portion of deep-sea core material as
compared to benthic foraminifera, but they offer additional insight into what happened on the
seafloor. Ostracod and echinoderm spines had relatively low abundance prior to the IAE, but both
peaked to 15% and 10% respectively when the inoceramids came to Shatsky Rise, and then
decreased to less than 5% when the inoceramids went extinct. Ostracod abundances remained
low during subsequent warming at 2%. Echinoderms, however, thrived during this warm interval
with 20% abundance. A cooling at 68.6 Ma marked the return of ostracodes and an initial 20%
decrease in echinoderm spines. During this cooling, planktic fragmentation increased, ostracod
and echinoderm abundances fluctuated rapidly between 0-11% and 0-22% abundance with
peaks corresponding to low planktic fragmentation. During declining P:B values at 67.8 Ma,
ostracodes and echinoderm spines decreased significantly. Ostracodes disappeared at 67.3 Ma
after the abrupt 65% collapse in P:B. Echinoderm spine abundance increased during periods
when P:B increased to higher values, otherwise remained low. During the recovery section when
P:B ratio trended to higher values and bottom waters warmed, ostracodes reemerged, although
with less than 5% abundance; this is coincident with the first recovery P:B pulse, but disappeared
and did not return until 250-kyr before the boundary. Echinoderms increased up to 25% over the
course of the warming, but then decreased with intense bottom water warming at 66.5 Ma. They
decreased to about 2% at 66.3 Ma, and disappeared during the cooling in the last 100-kyr leading
up to the boundary.
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4.2 Isotopes
4.2.1

Planktic Foraminiferal Isotopes
18

Surface dwelling taxa, P. costulata and P. kempensis, have similar δ O values and
trends from 68.8 Ma to 67.2 Ma (Figure 8). Isotope data from P. excolata was only run from 68.8
Ma to 68.5 Ma, but this, too, has similar values and trend as the other surface dwelling taxa.
There are no surface taxa preserved between 67.2 Ma and 66.7 Ma during the most intense
period of dissolution. After peak dissolution at the start of the recovery at 66.7 Ma, there is a
18

decoupling of δ O between the surface dwelling taxa. Two data points from each species show
that P. kempensis is ~0.4‰ more enriched than P. costulata. The isotope records of these taxa
again converge to similar values 100-kyr before the K/Pg boundary. Although Hedbergella is a
thermocline-dwelling taxon, it was analyzed for isotopes because it was the only taxon that was
abundant enough during the harshest period of dissolution. Its oxygen isotope record is what is
18

13

expected and is more enriched in δ O than the other planktic taxa. The δ C record shows that P.
kempensis, P. costulata, and P. excolata all have a similar trend and similar values except for P.
excolata which is 0.3‰ more enriched than P. kempensis and P. costulata.
The planktic isotope record shows that there were two surface water cooling events and
two warming events during the Maastrichtian. The first cool and warm surface water event
happens during the cooling and subsequent warming of bottom waters in the early Maastrichtian.
18

P. costulata data from Clark (2012) shows that δ O positively shifts by 1‰ from 71.7 Ma and
peaks at ~70 Ma at which point it decreases to negative values until 68.3 Ma with an overall 0.75‰ shift. From 68.3 Ma to 67.7 Ma, there is a relatively rapid cooling in surface waters as
indicated by a +1.1‰ shift in P. costulata and P. kempensis, corresponding to early onset
18

dissolution. From 67.7 Ma to 67.3 Ma, surface waters enter a warming phase with δ O
decreasing by about 1‰. There is about a 500-kyr gap in which surface dwelling taxa were
absent, or too few specimens for an isotopic analysis. At the start of the dissolution recovery, P.
costulata and P. kempensis are now ~0.5‰ offset from each other with P. kempensis enriched in
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18

18

δ O. The overall trend, however, shows that δ O values remain constant during the bottom water
warming interval and even into the cooling of bottom waters 100-kyr before the K/Pg boundary.
About 50-kyr before the boundary, however, there is a very small positive 0.2-0.3‰ shift in
surface and thermocline dwelling taxa.
13

The carbon isotope record shows a long-term positive trend in planktic δ C by +1.3‰
13

from 71.4 Ma to 68.7 Ma. There are two abrupt negative excursions in δ C with P. costulata and
P. excolata shifting by -0.5‰ and P. kempensis by -0.25‰ at 68.7 Ma. The carbon isotopes
return to pre-existing values within about 50-kyr. This shift occurs when ε

Nd

started to shift towards

negative values. P. costulata and P. kempensis show another abrupt -0.5‰ shift at 68 Ma
13

13

reaching peak positive δ C values at 67.7 Ma at which point δ C begins to negatively shift during
the early onset of dissolution. Although there is a gap in the surface water carbon isotope record
13

13

between 67.2 Ma and 66.6 Ma, it appears that δ C reached minimum values by 67.2 Ma as δ C
remained constant and had similar values until the K/Pg boundary. Hedbergella and H. globulosa
13

had a δ C record that starts mainly in the recovery section of dissolution, with both displaying
12

similar values and are consistently about 0.6‰ more enriched in C.

4.2.2

Benthic Foraminiferal Isotopes
The benthic foraminiferal oxygen isotope record of O. umbonatus from Hole 1210B is
18

13

highly variable, whereas N. truempyi δ O, and the δ C records of both species are not as erratic
(Figure 6). Despite such variability, the overall trends are in agreement with Site 1209. A similar
18

effect is observed in the δ O data from Site 1209, with N. truempyi not as sensitive as O.
18

umbonatus. However, the δ O variability between species is not as extreme as observed at Site
1210 below the IAE/MME interval.
The latest Campanian-earliest Maastrichtian was generally warm. An abrupt cooling at
~71 Ma coincides with the reappearance of abundant inoceramid prisms (IAE) at Shatsky Rise
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before the inoceramids go extinct (MME) when bottom waters warm at ~70 Ma as indicated by
18

18

the abrupt decline in δ O. Bottom waters remained warm until 68.5 Ma when δ O shifts to more
positive values and lasted until 66.7 Ma (Figure 8). This cooling of bottom waters can be
separated into two parts. The first part is marked by a rapid decrease in bottom water
18

temperatures from 68.6 Ma to 67.7 Ma with a +0.75‰ increase in benthic δ O. The second part,
18

coincident with a decrease in the P:B ratio, maintains relatively constant δ O values until 66.7 Ma
when a new water mass came to Shatsky Rise. From 66.7 to 66.1 Ma, there is a warming of
18

bottom waters with δ O declining overall by 1‰ in N. truempyi and 0.8‰ in O. umbonatus. N.
truempyi captures two warming pulses in this interval. The first pulse occurs over a 400-kyr
18

interval with a 0.3‰ decrease in δ O. The second pulse represents a more intense warming
period starting at 66.4 Ma with a further -0.7‰ shift. In the last 100-kyr leading up to the K/Pg
boundary, oxygen isotopes show a cooling trend that peaks at 65.7 Ma before moving back
towards negative values.
13

The benthic carbon isotope record shows a long-term increase in δ C that starts at ~72
Ma and peaks at the end of the warming of bottom waters at ~68.3 Ma. From 68.3 Ma to 66.7 Ma,
13

δ C negatively shifts in three distinct steps. The first is a -0.7‰ shift between 68.3 Ma to 67.7 Ma
as bottom waters continually become more cool; the second is a -0.5‰ shift during the sustained
cooling interval, and the third, a -0.5‰ shift at 66.7 Ma at the end of the cool phase. The carbon
isotopes positively increase from 66.7 Ma to 66.3 Ma over the warming interval. Coincident with
13

the main phase of Deccan volcanism as 66.25 Ma, δ C declines until 66.1 Ma thereafter it
abruptly shifts by 0.7-0.9‰ peaking at 65.7 Ma before declining.

4.2.3

Planktic and Benthic Foraminiferal Isotope Gradients
A long-term collapse in the planktic-benthic carbon isotope gradient is recorded from the

early Maastrichtian (~72 Ma), in which the gradient between bottom and surface waters was 2‰,
decreasing to 0.7‰ at the K/Pg boundary (Figure 17). Focusing on the dissolution event, the
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gradient declines to 0.8‰ when planktic fragmentation is just starting to increase. While the
gradient continues to decrease, there are periods when it becomes larger that correspond to high
P/B ratios. The gradient reaches a minimum value of 0.3‰ when there is high planktic
fragmentation at 67.2 Ma. Unfortunately, a carbon gradient was not obtained during maximum
dissolution due to too few planktic specimens. The gradient increases to 1.2‰ at 66.65 Ma in one
of the P/B recovery intervals. It decreases again about 50-kyr before the boundary to 0.7‰.
The oxygen gradient between epifaunal benthic foraminifera and surface dwelling
planktic foraminifera displays a more or less stable gradient ranging between 2.0-2.5‰ over the
late Maastrichtian. However, at the onset of dissolution at Site 1209 at ~67.7 Ma, there is a 2‰
collapse in the oxygen gradient, decreasing to 0.3‰. The gradient gradually peaked to 3‰ at
66.7 Ma. The oxygen gradient decreases by 1‰ about 50-kyr before the K/Pg boundary showing
a slight recovery 20-kyr later.

4.2.4

Neodymium Isotopes, ε

Nd

There is a long-term subtle positive trend in Sites 1209 and 1210 neodymium isotopes,
ε Nd, from the early Maastrichtian up to the K/Pg boundary. At 71 Ma, Shatsky Rise had an ε

Nd

value

of ~ -4.97 reaching a peak value of ~-4.11 at 68.8 Ma before shifting back to a more nonradiogenic value of -4.76 at 68.1 Ma. Between 68.1 and 67.8 Ma, ε

Nd

abruptly increases towards

more radiogenic values with a value of ~ -3.92 from which point in remains fairly constant up to
the boundary. This shift back to radiogenic values is coincident with the onset of early dissolution.
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CHAPTER 5
DISCUSSION

5.1 Early Maastrichtian Inoceramid Acme and Mid-Maastrichtian Event
Inoceramids were long-ranging, and tolerated a variety of environmental conditions,
inhabiting well-oxygenated, shallow marine settings to poorly oxygenated, deep-marine settings
(Ozanne and Harries 2002), and so it was puzzling when they went extinct in the midMaastrichtian. What was the ultimate cause of their demise?
Inoceramid prisms were found in high abundance in the upper Campanian section of the core
(~76 Ma) at Hole 1210B, disproving the conjecture (Frank et al., 2005) that the inoceramids
abruptly moved onto Shatsky Rise shortly before the MME. Similar to the IAE of the early
Maastrichtian, inoceramid prisms were abundant during an episode of bottom water cooling
during the late Campanian, and then mostly disappeared during a subsequent warming. They
were absent from ~74.4 Ma, re-emerging in abundance ~70.9 Ma when deep-water temperatures
13

again became cooler and were progressively more enriched in δ C. The inoceramids
disappeared from Shatsky Rise at ~70.1 Ma when temperatures increased sharply based on
18

about a negative 1.4‰ to 1.75‰ shift in δ O values (Frank et al., 2005; Dameron, this study).
13

The positive trend of δ Cb suggests the influx of a younger, cooler water mass during the IAE.
13

Alternatively, the positive trend of δ Cb may reflect a rise in sea level, which would have buried
12

organic matter in estuaries and other coastal environments thereby depleting the ocean of C.
Kominz et al. (2008) show that there was about a 30 m sea-level rise that peaked at about the
13

same time when δ C peaks before shifting to more depleted values beginning ~69.3 Ma (Figure
7). The inoceramids in the Campanian and Maastrichtian seem to be responding to temperature
18

or oxygen rather than food availability as they disappear as soon as δ Ob negatively shifts, while
13

δ Cb values continue to increase. A switch from high epifaunal dominance to infaunal dominance
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(Figure 15) further supports that the inoceramids were negatively influenced by decreased
oxygenation associated with warmer deep waters.

5.2 Latest Maastrichtian Dissolution Event
Warm bottom waters and a stable biotic record characterize the 1.6-myr interval following the
end of the MME. At 68.45 Ma, another change in ocean circulation occurred coeval with a cooler
and older water mass coming to Shatsky Rise. Neodymium isotopes suggest that the water mass
had a Southern Ocean signature, forming an intermediate water mass as it mixed with North
Pacific waters (Thomas, 2004, 2005; Frank et al., 2005; Jung et al., 2013). Older waters by
nature are more corrosive than younger waters. The modern day Pacific Ocean has a CCD that is
much shallower than other ocean basins. As deep waters form in the North Atlantic and Southern
12

Ocean, they flow into the Pacific accumulating more C from the decomposition of organic matter
and dissolved carbon dioxide. By the time this water mass enters the Pacific Ocean, the deep
waters are old and corrosive. This is why the Pacific Ocean has a much shallower CCD than the
Atlantic. The equatorial Pacific has a deeper CCD than the areas away from the equator as winddriven upwelling zones drive high surface water productivity, which increases carbonate flux to
the seafloor, which in turn helps to buffer the pH and lower the CCD (Berger, 1978). The CCD is
shallower away from the equator as surface water productivity decreases causing bottom waters
to be undersaturated with respect to CaCO3.
A lithologic color change, decrease in species richness and P:B ratio (% planktics), and the
continuing increase of planktic foraminiferal fragmentation support the onset of a dissolution
event at Site 1209 on Shatsky Rise at 67.8 Ma. Despite the water mass change to cooler, older
and more corrosive waters at 68.45 Ma, it was not the main cause of the dissolution event,
although it may have contributed to it as planktic fragmentation increased during intense bottom
water cooling (68.2 Ma) and most likely made it more susceptible for the impending dissolution
event. Meanwhile, the planktic foraminiferal number decreased by 90% during this time while P:B
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values were still close to 100% (Figure 13) indicating that planktic foraminifera were starting to
feel the effects of some kind of change at Shatsky Rise. Rather, dissolution occurred when deep
18

waters ceased to decrease in temperature and maintained constant δ O values, and when
18

surface waters warmed. At about 67.6 Ma, planktic δ O isotopes show that there was a shift from
13

cool surface waters to warm surface waters. This, and the enrichment of planktic δ C, indicative
of high productivity during surface water cooling followed by a decrease during warming, strongly
supports an abrupt decrease in surface water productivity over the southern high of Shatsky Rise.
The marked change in surface waters was most likely due to a southward shift in the ITCZ, or
with continued northward drifting of Shatsky Rise beyond the zone of upwelling.
Further support for the movement out of upwelling comes from the collapse in the planktic to
benthic foraminiferal carbon gradient coincident with surface water warming. The gradient
between P. costulata and O. umbonatus decreased by 0.9‰, and by 0.7‰ between P. costulata
and N. truempyi. The planktic isotope record shows that there were two episodes of cooling and
warming of surface waters, or rather, two instances in which upwelling zones shifted over the
southern high of Shatsky Rise.
Today, there are two upwelling zones in the tropical Pacific. The first upwelling zone is at the
equator where the Coriolis force changes sign. According to the physics of Ekman transport and
Coriolis force, surface waters are deflected perpendicularly to the right of wind direction in the
North Hemisphere and left in the Southern Hemisphere. As a consequence of the Coriolis force,
surface waters will diverge from each other at the equator resulting in the upwelling of nutrientrich subsurface water as it replaces the diverging waters. The strong Southeast Trade Winds
create a western moving surface current called South Equatorial Current (SEC) that extends to
the Intertropical Convergence Zone (ITCZ), the meteorological equator, ~5°N. The Northeast
Trade Winds create a westward moving North Equatorial Current (NEC) between 10-20°N. As the
NEC and SEC move west, they pile up against the Asian landmass where the water is then
deflected back to the east creating the North Equatorial Counter Current (NECC) ~2-10°N
effectively creating a barrier between the subtropical gyres of the North Pacific and South Pacific
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(Hsin and Qiu, 2012). This eastward moving current is slightly deflected towards the right towards
the equator, due to the Coriolis force, and meets with westward flowing waters from the SEC,
which are deflected towards the northern pole. The meeting of these two waters creates
convergence and there is downwelling of surface waters at ~2-5°N A second zone of upwelling
develops between NEC and NECC. The westward moving NEC waters turn towards the poles
while the NECC turns towards the equator creating another divergence of waters at ~10°N (see
Figure 18; Pickard et al., 1982; Mann and Lazier, 1996). Paleogeographic reconstructions show
that landmasses were in different positions during the Late Cretaceous than today, however, like
today, plate reconstructions show the asymmetrical distribution of landmasses in the Northern
Hemisphere and ocean climate models suggest that the meteorological equator is north of the
geographical equator like today further suggesting similar wind-driven equatorial and tropical
surface ocean currents as today (Figure 19; e.g., Otto-Bliesner et al., 2002; Huber et al., 2004).
Paleolatitudinal reconstructions of the Pacific Plate place Shatsky Rise about 13-15 degrees
north of the equator during the Maastrichtian (Sager, 2007; Gary Acton, personal communication,
February 2015). This puts Shatsky Rise on the edge of divergence between the east flowing
North Equatorial Counter Current and west flowing North Equatorial Current, based on present
day tropical Pacific circulation. The velocity calculated from plate motion reconstructions are too
slow for Shatsky Rise to physically move into and out of zones of upwelling. Rather, changes in
meridional thermal gradients most likely affected wind strength, which in turn affected the relative
positions of surface water masses, and hence areas of upwelling. During periods of global
warming, latitudinal temperature and pressure gradients would be reduced, creating low wind
speeds and relatively slower ocean circulation. Global cooling, would have increased the
meridional temperature gradient, increased wind strength and surface water currents. A
strengthening in the Northeast Trade Winds would push the upwelling zones further south and
closer to the equator.
There are two distinct P:B pulses during intense dissolution that seem to be influenced by
long eccentricity cycles (~400 kyr). At each P:B peak corresponding to high values, infaunal
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abundance is at its maximum (Figure 15). As the P:B decreased over each ~400-kyr pulse,
epifaunal taxa increased indicating that primary productivity was decreasing supporting the idea
of Shatsky Rise moving away from an upwelling center. Further support comes from the
agglutinated foraminifera. Adercotryma had a consistent presence since the early Maastrichtian,
but was noticeably absent during dissolution, reappearing to its pre-exisiting values after
dissolution. Laboratory experiments (Heinz et al. (2001) have shown that this taxon appears
during pulses of organic matter. The fact that it was absent during the main dissolution event,
supports the conclusion that Shatsky Rise moved into less productive waters. Within each long
eccentricity cycle, there are four P:B decreases that appear to be eccentricity paced. The
recovery section of dissolution shows short eccentricity cycles between each recovery in P:B. If
dissolution was the result of Shatsky Rise moving away from upwelling and into a decreased
productivity zone, perhaps orbital forcing resulted in cyclical shifts in wind speeds, moving the
zone of upwelling over the southern Shatsky Rise every ~100-kyr. Since infaunal taxa remained
dominant throughout dissolution, Shatsky Rise must not have strayed too far from upwelling to
still feel the influence of upwelling.
The most probable cause of the dissolution interval at Shatsky Rise was the combined
influences of decreased productivity and decreased carbonate flux, coupled with the incursion of
a new, corrosive water mass onto Shatsky Rise rather than from Deccan Traps volcanism as the
onset of dissolution at deeper Site 1211 predates the first pulse of volcanism by ~270 kyr.
Osmium in seawater is a tracer for volcanic activity and has a relatively short residence time of
10-40-kyr as compared to other volcanic tracers (e.g., Sr, ~3-4 myr; Re, ~750 kyr)(Cohen and
Coe, 2002; Peucker-Ehrenbrink and Ravizza, 2000). An osmium record from DSDP Site 577 on
Shatsky Rise (Figure 20; Ravizza and Peucker-Ehrenbrink, 2003; Robinson et al., 2009) shows
very stable and consistent values during the time of increased fragmentation and the onset of
dissolution. There are two distinct peaks in the Os record towards lower, more non-radiogenic
values at 68.05 Ma corresponding with the first pulse in Deccan Traps volcanism, and again at
66.23 Ma corresponding with the main phase of volcanism, the first of which occurred when
fragmentation was already underway at Site 1209 and the latter volcanic peak when Shatsky Rise
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had already recovered from dissolution. Furthermore, deeper water Site 1211 experienced
increased fragmentation and decreasing P/B ratios at least 500 kyr earlier than Site 1209. If
acidification were due to Deccan Traps volcanism, all sites, regardless of depth, would have
experienced a dissolution event, as this would have affected surface waters simultaneously.
Rather, as the planktic foraminifera settled to the seafloor, they encountered a corrosive water
mass that came to Shatsky Rise at deeper depths first causing planktic foraminifera to dissolve at
Site 1211; this water mass then shoaled to shallower Site 1209 ~500-kyr later affecting the
planktic foraminiferal tests at the shallower site.

5.3 Pre-K/Pg Recovery
While Deccan Traps volcanism has been ruled out as the cause for the dissolution event
between 67.8-66.3 Ma, it might have contributed to increased planktic foraminiferal fragmentation
shortly before the K/Pg boundary during which time bottom waters and surface waters cooled
over the last ~120 kyr of the Maastrichtian. This occurred when P:B (%planktic) was fully
recovered and within the main phase of volcanism with fragmentation increasing 50-kyr after the
main pulse of volcanism, peaking to 70% fragmentation before declining 100-kyr before the K/Pg
boundary.
This lends support to other studies (Self et al., 2006, 2008; Robinson et al., 2009; Font et al.,
2014) that have postulated surface ocean acidification during the main phase of volcanism, the
result of acid rain due to sulphuric aerosols in the stratosphere. Volcanism releases primarily CO2
and SO2 gasses, which are known to cause global warming and cooling, respectively, depending
on conditions. Calculations have shown that the amount of CO2 released was much less than
what was already in the atmosphere, and therefore, could not have been enough to contribute to
warming (Self et al., 2006). Cooling at Shatsky Rise 70-kyr after the onset of the main phase of
volcanism, based on benthic and planktic oxygen isotopes, supports SO2-induced cooling. When
SO2 enters the atmosphere, it is converted to sulphuric acid, which when rained down, can
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reduce the pH of surface waters (D’Hondt et al., 1994; Self et al., 2006). Thermocline dwelling
species were most abundant while mixed layer planktic foraminifera, with the exception of
Heterohelix, are noticeably absent between the main phase of volcanism and peak fragmentation.
Heterohelix has already proven to be the most resistant of mixed layer species during intense
dissolution between 67.8 Ma-66.3 Ma.
The effusive nature of flood basalt volcanism does not seem strong enough for gases to
reach high altitudes necessary to produce these effects. However, other effusive volcanic events
(e.g., the 1783 Laki, Iceland eruption; mid-Miocene Roza flow from Columbia River basalt floods)
have indicated that if the eruption rate is high, explosive activity at fissures and vents can create
high lava fountains capable of ejecting ash and gasses into the mid- to upper- troposphere. If
volcanism occurs at higher latitudes, it would be capable of reaching the base of the stratosphere.
Paleolatitude reconstructions place India between 20-25°S, which, according to Self et al. (2006)
could have been within a reasonable position for ash to make it into the low stratosphere. Gases
in the troposphere typically are flushed out within a week from rain, however, the somewhat
continuous nature of the Deccan flood basalts could have been too overwhelming, and so it could
be possible to have a cooling even if SO2 didn’t reach the stratosphere (Self et al., 2006).

5.4 Maastrichtian Thermohaline Circulation at Shatsky Rise
13

18

Benthic and planktic foraminiferal δ C and δ O isotope records provide good insight into the
nature of seafloor and surface water conditions, and are good tracers for understanding ocean
circulation while neodymium isotopes can help to identify the source of the water mass. The
benthic stable isotope record from Shatsky Rise shows that there were four changes in the deep
water mass during the Maastrichtian each separated by about 1.5-1.7 myr at 71.5 Ma, 70.0 Ma,
68.4 Ma, and 66.7 Ma. The water mass alternated between a cool, older water mass and warm,
young water mass throughout the Maastrichtian, which is in agreement with the findings of
Barrera et al. (1997) and Jung et al. (2013).
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Thermohaline circulation differed during the Late Cretaceous as compared to today. Modern
day deep waters form in the Southern Ocean and in the high latitudinal region of the North
Atlantic Ocean. The ε

Nd

record from this study and others (e.g., Frank et al., 2005; Thomas, 2004,

2005; Jung et al., 2013), however, shows that the source of deep-water formation in the Late
Cretaceous had a North Pacific signature, as the ε

Nd

values at Shatsky Rise were gradually

shifting towards more radiogenic values with values around -3.6 by the end of the Cretaceous.
The three major biotic changes in the Maastrichtian, the inoceramid acme event, the inoceramid
extinction (MME), and a severe planktic foraminifer dissolution event and subsequent recovery
prior to the K/Pg boundary, are coincident with alternating water mass changes from cool, older
waters ushering the abundance of flat clams, to abrupt warming coinciding with the extinction of
inoceramid bivalves, back to cooling with ε

Nd

moving towards less radiogenic values at the onset

of dissolution, and finally deep water warming marking the onset of carbonate recovery. There is
another shift about 100-kyr before the boundary showing cool bottom waters, but this is most
likely not due to a change in thermohaline circulation, but rather to Deccan Traps volcanism.
Volcanism is known to cause a cooling of the climate system and this would have been felt in the
deep waters as well as surface waters as the site of deep water formations would have felt the
affect of the cooling as well as surface waters. The neodymium signature of the cool, older water
mass is around -5 in this study, but has been reported for the same site as low as -5.5 (Thomas,
personal communication, 2013) and -5.3 (Frank et al., 2005). While this is not characteristic of
Southern Ocean water mass, which has a value around -10, this most likely represents an
intermediate water mass that formed as Southern Ocean mixed with a North Pacific water mass
during its northward flow into the Pacific Ocean (Thomas 2004, 2005; Frank 2005; Jung 2013).
During the early Maastrichtian, cool deep waters came to Shatsky Rise as evidenced by
18

increasing δ Ob between ~71.5 Ma to 70 Ma. The neodymium isotope value of -5 suggests an
intermediate water mass originating from the Southern Ocean. In the middle of the Maastrichtian,
18

13

an abrupt -0.7‰ shift in δ Ob and continual increasing positive shift in benthic δ C indicates that a
new, younger water mass came to Shatsky Rise from ~70 Ma to 68.5 Ma. The continual shift to
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more radiogenic values suggests that this younger water mass came from the North Pacific. From
18

13

68.5 Ma to 66.7 Ma, there is another shift in δ Ob and δ Cb accompanied by a negative Nd shift
that supports a cooler and more corrosive water mass coming to Shatsky Rise.
Was there a periodicity to these water mass changes? Inoceramids, a long-ranging group of
benthic clams suddenly go extinct over a 2-3 myr time span first at high latitudes. Perhaps the
multiple shifts in thermohaline circulation towards the end of the Cretaceous was too much, and
the last switch was the last straw in which they couldn’t recover.
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CHAPTER 6
CONCLUSION

Thermohaline circulation played the dominant role in the biotic changes observed at Shatsky
Rise during the Maastrichtian. Specifically, a short-lived acme of inoceramid clams (IAE) and their
subsequent abrupt extinction, known as the Mid-Maastrichtian Event (MME), is followed by a
severe dissolution interval in the uppermost Maastrichtian prior to carbonate recovery before the
K/Pg boundary mass extinction. These changes coincide with a cooling of bottom waters during
the early Maastrichtian (onset of IAE), most likely an intermediate water mass originating from the
Southern Ocean, followed by abrupt warming (inoceramid extinction), subsequent cooling and
increased productivity (onset of dissolution), and then warming again prior to the K/Pg boundary
(carbonate recovery).
•

Cooling of bottom waters at ~71 Ma brought upon the sudden appearance of inoceramid
clams after a nearly 4-myr hiatus at Shatsky Rise. The upper Campanian and the MME
show that the inoceramids responded in a similar manner to deep water temperature
changes rather than changes in surface water productivity as they suddenly disappear
13

with an abrupt switch to warmer bottom waters with no change to δ C. It is baffling to
think that the inoceramids went extinct due to bottom water warming when they had
thrived in a variety of environments over 200 myr. Were changes in thermohaline
circulation too rapid in the latest Cretaceous that the inoceramids didn’t have enough
time to adjust? Results from Shatsky Rise suggest that deep waters were responding to
relatively rapid changes in the ocean-climate system.
•

Benthic carbon isotope values increased following the MME suggesting a younger water
mass, perhaps originating from the North Pacific. Alternatively, a rise in sea level in the
13

early Maastrichtian (Kominz et al., 2008) would have buried C-enriched organic matter
13

in estuaries and other coastal environments leaving the ocean enriched in C.
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•

Planktic foraminiferal carbon and oxygen isotopes indicate that Shatsky Rise was moving
into and out of zones of upwelling and finally into less productive subtropical waters
during latest Maastrichtian time. Paleolatitudinal reconstructions place Shatsky Rise at
~13°-15°N. This may have been in or near a zone of divergence between a west-flowing
North Equatorial Counter Current and east-flowing North Equatorial Current, similar to the
modern tropical Pacific. Changes in the meridional thermal gradient during the
Maastrichtian would certainly change Trade Wind strength, the position of surface
currents, and intensity of upwelling and may be responsible for the large swings in
oxygen and carbon isotopic values of mixed layer planktic foraminifera.

•

Deeper ODP Site 1211 records increased fragmentation and decreased P:B before the
first pulse of Deccan Traps volcanism. Cool bottom waters returned to Shatsky Rise ~68
13

Ma coincident with a negative excursion of εNd. Benthic δ C decreases over this interval
suggesting the incursion of an older, more corrosive water mass. These corrosive waters
made the planktic foraminifera more susceptible to dissolution as planktic fragmentation
increased during the intense cooling of bottom waters. As soon as the upwelling zone
shifted away from the southern Shatsky Rise, intense dissolution began as indicated by
the sharp drop in planktic:benthic ratio (%planktic foraminifera) and further increase in
planktic fragmentation ~67.8-67.6 Ma. Orbital forcing most likely contributed to the
dissolution event as there are likely long- and short-eccentricity cycles in the P:B ratio.
•

Mixed layer planktic species decreased throughout the dissolution interval with the
biserial heterohelicids being the most resistant to dissolution. By 66.9 Ma, dissolution was
at its most extreme and mixed layer species disappeared. Surface dwelling species were
smaller than the deeper dwelling mixed layer species and most likely survived dissolution
through fecal pellet transport. Thermocline taxa survived the longest through dissolution,
but were highly fragmented.
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•

Shatsky Rise entered a recovery phase as indicated by a return of mixed layer species
concomitant with an abrupt switch to a warmer, younger bottom water mass, most likely
originating from the North Pacific at ~66.7 Ma.

•

The main phase of Deccan Traps volcanism began at 66.25 Ma (Schoene et al., 2015)
and most likely caused a global cooling event as indicated by the cooling of bottom and
surface waters. An increase in planktic fragmentation about 200-kyr before the K/Pg
boundary following the return to high P:B values and well after a water mass change in
bottom waters at 66.7 Ma suggests that there was an acidification event in the surface
ocean Additionally, the return of agglutinated Adercotryma during this dissolution event
unlike the prior one strongly supports a different cause of dissolution rather than it being
due to Shatsky Rise moving back into less productive waters. Rather, this second
acidification event was most likely related to Deccan volcanism as it was coincident with
increased planktic fragmentation. During this time, mixed layer taxa are relatively absent
with the exception of Heterohelix that has proven to be resistant to dissolution.
Thermocline dwelling taxa increase during the latest Maastrichtian. As soon as
fragmentation decreases, there is a return of mixed layer species.

The Maastrichtian biota experienced episodic perturbations, however, it is clear that Deccan
volcanism was not the cause of the major biotic events recorded at Shatsky Rise. Even though
there is a hint of a possible acidification event in the last 100-200-kyr of the Cretaceous, mixed
layer species abundances recover before the boundary demonstrating that the effects of Deccan
volcanism were quickly recoverable, and that the end-Cretaceous mass extinctions are best
attributed to an asteroid impact as supported by an overwhelming abundance of data from around
the globe.
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Table 1: 1209 Datums
Datum Event
(HO) highest occurrence
(LO) lowest occurrence

Sample with

Sample without

Depth
Age
Depth Depth Depth
mean mean Sed.
withou
(Ma)
with without with
depth depth Rate
t
GTS201
(mbsf) (mbsf) (rmcd)
(mbsf) (rmcd) (m/my)
(rmcd)
2

Ellipsolithus macellus LO 1209C, 14H-5, 100-102 1209C, 14H-4, 100-102 228.27 226.82 254.17 252.72 227.54 253.44

5.64

63.25

Chiasmolithus danicus LO 1209A, 25H-3, 110-111 1209C, 14H-7, 0-2

230.66 230.20 256.94 256.10 230.43 256.52

1.97

64.81

Cruciplacolithus tenuis LO 1209A, 25H-6, 100-101 1209A, 25H-5, 110-111 234.91 233.56 261.19 259.84 234.24 260.52

6.06

65.47

K/Pg boundary

1209A, 25H-6, 112

235.02

261.30

235.02 261.30

1.48

66.00

234.73

261.35

234.73 261.35

1.57

66.00

Micula prinsii

LO 1209A, 26H-5, 120-121 1209A, 26H-4, 120-121 242.85 241.47 270.89 269.51 242.16 270.20

6.85

67.30

Micula murus

LO 1209C, 20H-1, 121-122 1209C, 19H-4, 120-121 269.56 264.69 299.32 294.45 267.12 296.88

15.70

69.00

Tranolithus orionatus

HO 1209C, 22H-2, 120-121 1209C, 21H-7, 70-71

10.62

71.01

*1209B
1209C,15H-3, 88.5

290.03 228.50 319.79 316.66 259.26 318.22

PETM and K/Pg depth occurrence based on lithologic color change as seen in core photo (see figure)
*Could not obtain depth occurrence for 1209B as the boundary occurs between sections as seen in core photos

39

Table 2: 1210 Datums
Datum Event
(HO) highest occurrence
(LO) lowest occurrence
Ellipsolithus macellus

Sample with

LO 1210A, 23H-3, 93-94

Sample without

1210A, 23H-2, 47-48

Depth
Age
Depth Depth Depth
mean mean Sed.
withou
(Ma)
with without with
depth depth Rate
t
GTS201
(mbsf) (mbsf) (rmcd)
(mbsf) (rmcd) (m/my)
(rmcd)
2
209.20 207.31 234.79 232.90 208.25 233.84

1.56

63.25

Chiasmolithus danicus LO 1210B, 23H-5, 100-102 1210B, 23H-4, 100-102 215.38 213.95 241.87 240.44 214.66 241.15

4.68

64.81

K/Pg boundary

1210B, 24H-1, 52

218.70

246.35

246.35

4.36

66.00

1210A, 24H-4, 48

219.88

246.35

246.35

4.37

66.00

Micula prinsii

LO 1210B, 24H-5, 75-76

1210B, 24H-4, 75-76

224.63 223.20 252.28 250.85 223.92 251.57

4.78

67.30

Micula murus

LO 1210B, 26H-7, 72-73

1210B, 26H-6, 120-121 246.44 245.47 275.57 274.60 245.96 275.09

13.25

69.00

Tranolithus orionatus

HO 1210B, 30H-4, 120-121 1210B, 30H-3, 120-121 274.26 273.11 303.39 302.24 273.69 302.82

13.80

71.01

Uniplanarius trifidus

HO 1210B, 31H-5, 120-121 1210B, 31H-4, 120-121 285.87 284.37 315.00 313.50 285.12 314.25

38.11

71.31

Broinsonia parca
constricta

HO 1210B, 31H-6, 97-98

1210B, 31H-5, 120-121 287.14 285.87 316.27 315.00 286.51 315.64

1.95

72.02

Eiffellithus eximius

HO 1210B, 38H-2, 118-119 1210B, 38H-1, 118-119 333.19 332.08 362.32 361.21 332.63 361.76

11.80

75.93

Uniplanarius trifidus

LO 1210B, 40H-1, 120-121 1210B, 40H-1, 60-61

18.84

76.82

349.70 349.10 378.83 378.23 349.40 378.53

*PETM and K/Pg depth occurrence based on lithologic color change as seen in core photo (see figure)
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Table 3: 1211 Datums
Datum Event
(HO) highest
occurrence
(LO) lowest occurrence

Sample with

Ellipsolithus macellus LO 1211B, 14H-5, 60
K/Pg

Sample without

1211B, 14H-4, 60

Depth
Age
Depth Depth Depth
mean mean Sed.
withou
(Ma)
with without with
depth depth Rate
t
GTS201
(mbsf) (mbsf) (rmcd)
(mbsf) (rmcd) (m/my)
(rmcd)
2
126.58 125.11 139.02 137.55 125.84 138.28

0.35

63.25

1211C, 15H-3, 121

132.86

146.90

132.86 146.90

3.14

66.00

1211B, 15H-3, 119

133.62

147.00

133.62 147.00

3.17

66.00

1211A, 15H-4, 146

132.26

147.09

132.26 147.09

3.20

66.00

Micula prinsii

LO 1211A, 16H-1, 120-121

1211A, 15H-7, 53-54

136.97 135.51 152.40 150.34 136.24 151.37

3.22

67.30

Micula prinsii

LO 1211A, 16H-1, 120-121

1211A, 15H-7, 53-54

136.97 135.51 152.40 150.34 136.24 151.37

3.29

67.30

Micula prinsii

LO 1211A, 16H-1, 120-121

1211A, 15H-7, 53-54

136.97 135.51 152.40 150.34 136.24 151.37

3.37

67.30

Ceratolithoides
kamptneri

LO 1211A, 16H-2, 120-121

1211A, 16H-1, 120-121 138.43 136.97 153.86 152.40 137.70 153.13

3.43

67.84

Micula murus

LO 1211A, 18H-1, 120-121

1211A, 17H-7, 65-66

15.16

69.00

155.95 154.62 171.38 170.05 155.29 170.72

*Depth occurrence based on lithologic color change as seen in core photo (see figure)
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Figure 1: (Left) Relief map of Shatsky Rise. The focus of this study is ODP Site 1209 on the
Southern High of Shatsky Rise. Additional lower resolution samples come from Sites 1210
and 1211. From Shipboard Scientific Party, 2002a. (Right) Bathymetric map of Shatsky
Rise. Mbsl = meters below sea level. Modified from Bown, 2006.
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Figure 2: Paleogeographic reconstruction of Shatsky Rise from the Early Cretaceous to
the present. During the Maastrichtian, the Southern High of Shatksy Rise was at a
paleolatitude of ~13-15°
15°N (Acton, pers. Comm., 2015). From Shipboard Scientific Party,
2002a.
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Upper Maastrichtian

Lower Maastrichtian

Figure 3: Series of core photos from Ocean Drilling Program Janus Database showing the color of the sediment in the Maastrichtian of
Hole 1210B, Cores 24H to 28H. Each 9.5-m core is cut into 1.5-m sections before being split and laid out for sampling and analysis; the
cores are arranged from left to right with increasing depth in the hole. The K/Pg boundary is marked with a red line. Notice the pure
white nannofossil ooze through much of the upper Maastrichtian. A distinct color change in Section 1of Core 25H is coeval with a
decrease in planktic and nannofossil species richness and represents the start of intense dissolution at Shatsky Rise (67.7 Ma; blue
line).
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K/Pg Boundary
Site 1209

Left: Hole 1209A, 25H-6, 112 cm;
Right. Hole 1209C, 15H-3, 88.5 cm

Site 1210

Left: Hole 1210A, 24H-4, 48 cm;
Right: Hole 1210B, 24H-1, 52 cm

Figure 4: The K/Pg boundary (red arrows) is recognizeable in core photos of Sites 1209
and 1210. The boundary occurs between section breaks of Hole 1209B and so is not
visible.
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Figure 5: Age-Depth Plots for ODP Sites 1209, 1210, and 1211. The age model follows the
scheme from the The Geologic Time Scale 2012 by Gradstein and Ogg, and relies on the
first and last occurrences of calcareous nannofossil marker species (black circles) due to
the weak paleomagnetic signal in the sediments. Green circles mark the presence of
inoceramid prisms found in the samples. Small circles: <1% abundance. Inoceramids
appear during high sedimentation rates. Red indicates core gaps, blue is less than 100%
recovery, and white is the revised mean core depth (rmcd) offset (Figure 5 appears across
previous two pages)
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MME

13

Figure 6: Inoceramid prism abundances at Sites 1209 (grey) and 1210 (black) plotted with a 5-pt. running average of benthic δ C and
18
δ O from 1209. Inoceramid prisms are found in abundance towards the end of the Campanian. There is about a 3-myr interval in which
inoceramids are relatively absent. They abruptly reappear in the early Maastrichtian (Inoceramid Acme Event) at ~71 Ma, before abruptly
going extinct at ~70 Ma (Mid-Maastrichtian Event). The inoceramids seem to be responding similarly at the end of the Campanian and
early Maastrichtian in which they are abundant during deep-sea cooling and absent during warming.
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Figure 7: Sea level curves from the New Jersey and Delaware coasts during the Late
Cretaceous as published by Kominz et al., 2008. There is a sea level rise (black arrow) that
13
peaked in the early Maastrichtian and is coincident with peak benthic δ C values from this
th
study at ~69.2 Ma (see Figure 6.).
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Figure 8: Maastrichtian stable isotope record. Shaded regions represent warmer (orange) and cooler (blue) deep waters.
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Dissolution

MME

Figure 9: Running average of benthic foraminiferal accumulation rates (BFAR)
from Sites 1209 and 1210 plotted with inoceramid abundances. The BFAR
remained low during inoceramid presence and gradually increased after their
disappearance. BFAR is not reliable after 67.8 Ma during dissolution (red box) as
this reflects the disappearance of planktic foraminifera.
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Figure 10: Benthic foraminiferal population abundances from Site 1209. A. Calcareous
infaunal taxa. B. Calcareous epifaunal taxa. C. Agglutinated taxa. Dark orange represents
infaunal agglutinates while light orange represents epifaunal agglutinated foraminifera.
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Figure 11: Species Richness from Sites 1209 and 1210. Species richness remains fairly
consistent and high from ~71.3 Ma (about the time inoceramids come onto Shatsky Rise)
to about 68.45 Ma, when nannofossil species started to gradually decline. At the onset of
dissolution at 67.8 Ma, planktic foram diversity abruptly decrease while nannofossils
continue to decline. It is clear that there is a recovery in diversity with both microfossils to
higher values just prior to the K/Pg boundary (nannofossil data from Lees and Bown,
2005; planktic foram data from Clark, 2012; Dameron, this study).
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Figure 12: P:B ratio (% planktics) and planktic foraminiferal fragmentation. The P:B ratio is
nearly 100% from the early late Maastrichtian. These values are what is expected of open
ocean, deep water sites. Planktic foraminifera began to fragment at 68.2 Ma. Early onset of
dissolution occurred at 67.8 Ma and intensified at 67.6 Ma with a 65% decrease in the P:B
ratio (coincident with the lithologic color change in core photo 1210B; Figure 3). There
were several pulses lasting about 400-kyr with smaller ~100-kyr fluctuations in P:B to
lower values (red circles). Peak dissolution occurred at ~67 Ma at which point there was a
recovery as P:B trended to higher values and planktic fragmentation decreased. About
200-kyr before the boundary, P:B returned to high values, but planktic fragmentation
increased, indicating another dissolution event.
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Figure 13: Planktic foraminiferal abundance overview from Site 1209. Deep mixed layer species are most abundant in the early
Maastrichtian. With a change of water mass to cool bottom waters at 68.45 Ma, planktic foraminifer numbers started to decrease (PFN),
dropping by 90% by the start on dissolution at 67.8 Ma. During this time, there is an appearance of shallow mixed layer species. This
demonstrates that the planktic foraminifera were starting to be affected by changes at Shatsky Rise prior to dissolution. At the onset of
dissolution at 67.8 Ma, deep mixed layer species decrease and there is a further increase in shallow mixed layer species and
thermocline dwelling species increased. At peak dissolution, all taxa are absent. Planktic foraminifera reappear when P:B trends to
higher values during the recovery interval of dissolution at 66.7 Ma. There is a similar effect during the second acidification event with
an absence of mixed layer species and an increase in thermocline dwelling species. As soon as planktic fragmentation decreases, there
is a return in mixed layer species.
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Figure 14: Expanded view of planktic foraminiferal abundance from Site 1209 plotted with P:B (% planktics) and planktic fragmentation.
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Infaunal

Epifaunal

Inoceramid
Acme

60

Figure 15: P:B (% planktics) plotted with benthic abundances of %infaunal taxa vs.
%epifaunal taxa from Site 1209. Early Maastrichtian: Prior to the inoceramid acme event
(IAE; shaded blue), infaunal taxa were dominant. During the IAE, epifaunal taxa increased.
There was a switch from high epifaunal dominance to infaunal dominance at the MME.
Late Maastrichtian: There are peaks in the percent of infaunal taxa during periods of high
P:B values (yellow lines). As P:B decreased during increased dissolution, epifaunal taxa
increase.
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Figure 16: Fish fragments, ostracodes, echinoderm spines and other from Site 1209.
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Figure 17: Isotope gradients between planktic and benthic foraminifera at Site 1209. There is an abrupt collapse in the carbon gradient
at 67.8 Ma at the early onset of dissolution.
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Figure 18: Illustration of upwelling zones in the mod
modern
ern equatorial ocean. From Pickard
and Emery (1982).
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Figure 19: Paleogeographic map comparing Cretaceous ocean (right) to the modern day
(left). Although the land masses are in slightly different configurations in the Cretaceous
as compared to the present, the general layout is similar enough that the behavior of trade
winds and some of the basic principles of ocean circulation from today can be applied to
the late Cretaceous. Paleogeographic maps from Ron Blakey, NAU Geology.
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Surface ocean
acidification

K/Pg

DISSOLUTION

Figure 20. Osmium isotope record from DSDP Site 577, Shatsky Rise from Ravizza et
18
al., 2003 and Robinson et al., 2009, plotted with results from this study of benthic δ O
from Site 1209, P:B, and planktic fragmentation. The dissolution event at Shatsky Rise
occurred well after the first phase of Deccan volcanism (~68.1 Ma, pink shade) and
recovered by the time of the main phase of Deccan volcanism (66.52 Ma, pink shade).
The declining P:B values and increased planktic fragmentation at deeper Site 1211
(blue data) indicates that dissolution was most likely due to a change in bottom waters.
The second dissolution event ~200-kyr before the boundary occurred within the main
phase of volcanism (pink shade) when the P:B was high, and when there is no change
18
in bottom waters (δ
δ O shifts to warmer values well before this event) suggesting that
this was the result of acidification in surface waters.
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